Pancreatic β-cell mass adapts to changing insulin demands in the body. One of the most amazing reversible β-cell adaptations occurs during pregnancy and postpartum conditions. During pregnancy, the increase in maternal insulin resistance is compensated by maternal β-cell hyperplasia and hyperfunctionality to maintain normal blood glucose. Although the cellular mechanisms involved in maternal β-cell expansion have been studied in detail in rodents, human studies are very sparse. A summary of these studies in rodents and humans is described below. Since β-cell mass expands during pregnancy, unraveling the endocrine/paracrine/autocrine molecular mechanisms responsible for these effects can be of great importance for predicting and treating gestational diabetes and for finding new cues that induce β-cell regeneration in diabetes. In addition to the well known implication of lactogens during maternal β-cell expansion, additional participants are being discovered such as serotonin and HGF. Transcription factors, such as hepatocyte nuclear factor-4α and the forkhead box protein-M1, and cell cycle regulators, such as menin, p27 and p18, are important intracellular signals responsible for these effects. In this article, we summarize and discuss novel studies uncovering molecular mechanisms involved in the maternal β-cell adaptive expansion during pregnancy.
9]. On the other hand, a reduction in islet mass through increased β-cell death occurs in several physiological and pathological situations. It has been demonstrated that the normal low rates of apoptosis in β-cells are upregulated postpartum in the mother and in the neonate, and they are also increased after glucose deprivation [9] [10] [11] . In Type 1 diabetes, β-cell apoptosis is crucial at different stages during disease progression [12, 13] . Significant β-cell death is also present during the islet isolation process and during islet engraftment following transplantation [14, 15] . Immunosuppressants (cytotoxicity), absence of islet vascularization (i.e., hypoxia and nutrient deprivation) and hyperglycemia (glucotoxicity) are triggers known to induce islet β-cell death [16] . In addition, Type 2 diabetes is characterized by impaired insulin secretion and it has been suggested that a decrease in β-cell mass might also contribute to this pathology [17, 18] . It has been shown that the increase in β-cell apoptosis in Type 2 diabetic patients may be responsible for this β-cell mass decrease since β-cell replication and islet neogenesis seem to be similar to those in nondiabetic subjects with a similar BMI [18] . Thus, determining the mechanisms involved in β-cell function, proliferation and survival can be critical in the prevention and treatment of diabetes.
Gestational diabetes
During pregnancy, physiologic insulin resistance occurs and leads to an adaptive increase in maternal insulin secretion [5, [19] [20] [21] [22] . This hyperinsulinism results from adaptive β-cell hyperplasia, hypertrophy and hyperfunction [5, [19] [20] [21] [22] [23] [24] [25] [26] . Several experimental models in rodents have shown that when β-cell expansion or function fails to compensate during pregnancy, hyperglycemia/diabetes occurs, suggesting that defective maternal β-cell adaptation can lead to gestational diabetes mellitus (GDM) [24] [25] [26] [27] [28] [29] [30] [31] . In humans, GDM, defined as glucose intolerance first recognized during pregnancy, complicates 3-5% of all pregnancies in the USA, with prevalence rates varying between 1 and 14% depending on factors such as different diagnostic criteria or ethnic origin [32] [33] [34] [35] . The consequences of GDM during pregnancy include both neonatal risks such as macrosomia, and maternal risks, such as an increased probability of cesarean delivery, and their corresponding co-morbidities [32] [33] [34] [35] . Additionally, GDM markedly increases the rate of developing Type 2 diabetes after delivery, ranging from 2.6% to more than 70% in studies examining women at different postpartum times [36] [37] [38] . Therefore, pregnancy could be seen as a 'stres-stest' that reveals a woman's predisposition to Type 2 diabetes. Predictors of postpartum diabetes in women are the presence of islet autoantibodies, the requirement of insulin treatment during pregnancy and a BMI greater than 30 [39] . However, the molecular determinants involved in the appearance of inadequate β-cell adaptation to pregnancy, GDM and consequent diabetes later in life have not been fully unraveled.
Besides the immediate adverse neonatal outcomes associated with GDM, population-based studies have demonstrated long-term health consequences for the offspring of gestational diabetic mothers including: obesity, hypertension, dyslipidemia, glucose intolerance and Type 2 diabetes [40, 41] . In conclusion, alterations in molecular regulators of β-cell mass and function during pregnancy, together with environmental factors, could potentially lead to defective β-cell adaptation in the mother and the offspring, resulting in a higher risk of developing diabetes.
β-cell mass expansion during pregnancy: rodent models β-cell mass expansion in animals and humans slows considerably during adulthood owing to extremely low rates of β-cell replication and neogenesis [1] [2] [3] [4] . However, alterations in insulin demand in physiologic situations such as pregnancy can lead to adaptive β-cell mass expansion and increased insulin secretion [5, [19] [20] [21] [22] [23] [24] [25] [26] 34] . The regulatory changes that occur in the β-cell during pregnancy are becoming increasingly well documented in rodents. In this section, we will summarize the changes in β-cell mass and function that occur during pregnancy, as well as the currently known molecular mechanisms involved in these effects.
Cellular mechanisms
At the end of gestation, rodents display a two-to three-fold increase in β-cell mass [5, 26, [28] [29] [30] [31] 42] . Enhanced β-cell proliferation and hypertrophy are two of the main cellular processes involved in this increase in β-cell mass [5, 26, 31] . β-cell proliferation is maximally increased at gestational days 13-15 (two-to five-fold), declining thereafter to reach control levels at day 18-19 [5, 26, [28] [29] [30] [31] 42] . Whether β-cell neogenesis from non-β-cell progenitors is one of the processes involved in the maternal β-cell expansion during pregnancy has not yet been deciphered, but a recent study by Abouna et al. using lineage tracing analysis in pregnant mice marks the first step in this direction [43] . This study shows that following a labeling pulse before pregnancy, there is a decrease in the labeling index of β-cells during gestation, suggesting that conversion of non-β-cell progenitors into β-cells might also contribute to maternal β-cell expansion in pregnancy [43] . Return to normal β-cell homeostasis is achieved during the first week postpartum by means of decreased β-cell proliferation and size, and increased β-cell death ( Figure 1A ) [5, 10, 26, 30] . Islet vascularization is also increased in pregnant rats following the same temporal pattern as β-cell replication [42] . β-cell functional changes also occur during normal pregnancy and these include the following:
▪
Increased glucose-stimulated insulin secretion with a decrease in the glucose stimulation threshold; During pregnancy in rodents, the enhancement in islet function occurs on days 11-19, returning to control levels by delivery ( Figure 1B ).
Hormones, neurotransmitters & growth factors during pregnancy: placental lactogen, serotonin, HGF & steroid hormones
Changes in maternal islet growth and function correlate with increased serum placental lactogen (PL) levels during gestation [21] . In addition, expression of prolactin (PRL) receptor (PRLR), the receptor that binds both PRL and PL, is also increased in maternal islets during pregnancy [5, 46] . Multiple in vitro and in vivo studies examining the effects of homologous PL and PRL on islets have clearly shown that lactogens increase insulin secretion and β-cell proliferation, survival and mass, and lower the threshold for glucosestimulated insulin secretion [5, 21, 22, [47] [48] [49] [50] [51] [52] [53] . More recently, using heterozygous PRLRknockout mice, Huang et al. reported that lactogens are required for normal glucose homeostasis and modulation of β-cell mass during pregnancy [30, 54] . These studies, although performed with whole body heterozygote PRLR-knockout mice, constitute the first direct in vivo effort to determine the exact role of lactogens in pregnancy.
Three studies have recently analyzed the gene-expression pattern in the islet during pregnancy in mice, focusing on gene changes around gestational days 13-15 when maximal maternal β-cell proliferation occurs [55] [56] [57] . Hundreds of genes were altered in islets from pregnant mice, covering a wide spectrum of cellular processes such as metabolism, growth, death, insulin secretion, development and cell interaction. Among them, tryptophan hydroxylase 1 (Tph1), a serotonin synthetic enzyme, was highly upregulated in islets from pregnant mice [56] . Elegant studies by Michael German's group have recently shown that inhibition of serotonin synthesis by dietary tryptophan restriction or Tph inhibition blocked β-cell proliferation and expansion, leading to reduced glucose tolerance in pregnant mice without affecting insulin sensitivity [56] . Blocking the signaling of the Gαq-linked serotonin receptor 5-hydroxytryptamine receptor-2b (Htr2b) in maternal islets also blunted β-cell expansion and caused glucose intolerance, indicating that serotonin signaling is important for maternal β-cell expansion. PRL increased Tph1 expression and serotonin production in mouse islets in vitro, suggesting that serotonin acts downstream of lactogens/PRLR signaling to enhance maternal β-cell proliferation. These studies also suggest that interfering with serotonin signaling through pharmacological agents and diets can increase the risk of developing GDM.
Over the years, researchers analyzing β-cell adaptation during pregnancy have focused their attention mostly on the role of circulating lactogenic hormones. No studies have addressed the role of other hormones/growth factors that are known to be β-cell mitogens and prosurvival factors produced by, and/or with receptors in, the islet, including HGF, insulin, IGF, glucagon-like peptide-1, β-cellulin and parathyroid hormone-related protein [58] . Importantly, circulating HGF levels are markedly and significantly increased during pregnancy [59] . In vitro and in vivo studies using continuous β-cell lines, primary rodent islet cell cultures, genetically modified mice or adenoviral delivery have shown that HGF is an insulinotropic factor, a β-cell mitogen and a regulator of β-cell survival [42, 58, [60] [61] [62] [63] [64] [65] [66] . These effects of HGF in the β-cell are mainly mediated by activation of the PI3K, atypical PKC ζ and PKB signaling pathways [62, 67] . Furthermore, a recent study has shown that HGF expression is upregulated in the rat islet endothelium at gestational day 15 when maximal β-cell proliferation and islet vascularization is observed [42] . Therefore, since the HGF receptor, c-Met, is expressed in the β-cell and HGF is a mitogen and an insulinotropic agent for the β-cell, it is likely that circulating and/or locally secreted HGF participates in the β-cell adaptation process during pregnancy. However, no attempt has been made to decipher the role of HGF/c-Met signaling in the β-cell during pregnancy. Preliminary evidence from our group using mice that lack c-Met expression in the pancreas [68] indicates that HGF/c-Met signaling might be essential for β-cell expansion during pregnancy [Demirci C, Ernst S, Garcia-Ocana A, Unpublished Data].
In addition to lactogens, circulating levels of other maternal hormones such as progesterone (PRG) and estradiol continuously rise during gestation [69] [70] [71] . Steroid hormones are known inhibitors of lactogen-induced β-cell proliferation, survival and function in vitro [53, 72] . In addition, low-dose dexamethasone administration during late pregnancy impairs glucose-stimulated insulin secretion [73] . These observations have led to the hypothesis that upregulation of steroid hormone levels might be responsible for the increase in β-cell death, the decrease in β-cell proliferation and the normalization of β-cell mass and insulin secretion at the end of pregnancy and in early postpartum periods. However, studies by Nieuwenhuizen et al. have shown that PRG treatment increases β-cell proliferation in pregnant and nonpregnant rats, but not in gonadectomized female rats or in gonadectomized female rats supplemented with estradiol [74, 75] . This suggests that PRG might stimulate β-cell proliferation indirectly through gonadal factors but not estradiol, and that other maternal hormones might be involved in β-cell mass regression to normal values at term. On the other hand, PRG receptor-null female mice display increased β-cell proliferation, mass and insulin secretion [76] , highlighting that the exact role of PRG in the β-cell in the hormonal milleu during pregnancy is still unclear. Taken together, these studies indicate the need for further in vivo studies analyzing the involvement of steroid hormones in β-cell adaptation during pregnancy.
Intracellular mechanisms
Increased activation of insulin receptor substrates-1 and -2, PI3K, PKB, p70S6 kinase, ERK1/2, JAK2 and STAT5 have been observed in the islets of pregnant rats [77] . However, whether these signaling pathways are important for β-cell adaptation during pregnancy is still unknown. The mTOR signaling pathway is a critical regulator of β-cell proliferation, mass and D-cyclin expression [78, 79] . Interestingly, a recent report observed that administration of rapamycin, an inhibitor of mTOR, impairs β-cell proliferation and expansion during pregnancy in mice [80] . However, this decrease in maternal β-cell expansion did not affect blood glucose levels or glucose tolerance in pregnant mice. The authors suggest that rapamycin could improve peripheral insulin sensitivity, compensating for the decrease in β-cell expansion, leading to comparable glucose clearance in both rapamycin-treated and -untreated pregnant mice. However, insulin sensitivity was not assessed in this study. Nevertheless, these studies point towards a potential role for mTOR activation in β-cell expansion during pregnancy.
The importance of transcription factors in the regulation of maternal β-cell growth and function has been recently addressed in two exciting publications investigating the role of the orphan nuclear receptor hepatocyte nuclear factor-4α (HNF-4α) and the forkhead box protein FoxM1 [29, 31] . Mutations in HNF-4α cause maturity-onset diabetes of the young 1 (MODY1) [81] , and elimination of HNF-4α from β-cells in mice using the Cre-lox system leads to decreased maternal β-cell proliferation and mass at gestational day 14.5 [29] . This decrease is due, at least in part, to reduced activation of the Ras/MAPK signaling cascade through downregulation of suppression of tumorigenicity 5 (ST5), a regulator of this signaling pathway and a direct transcriptional target of HNF-4α in β-cells [29] . In addition, although virgin female mice with HNF-4α deficiency in β-cells were already glucose intolerant, pregnancy further impaired their response to a glucose challenge. Thus, although HNF-4α is seen as a MODY gene involved in regulating insulin secretion, these new data from pregnant mice also point out that HNF-4α is required for the physiological expansion of maternal β-cell mass in mice. Several mutations in MODY genes have been identified in women with gestational diabetes including glucokinase (MODY2), HNF-1α (MODY3) and Pdx-1 (MODY4) [82] . Therefore, it could be possible that loss-of-function mutations in HNF-4α may also be associated with an increased risk for gestational diabetes in humans.
FoxM1 is a transcription factor that is highly upregulated in proliferating cells [83] , embryonic and neonatal pancreatic endocrine cells [84] , and is also required for liver regeneration [85] . Mice lacking FoxM1 in their pancreas display a striking reduction in β-cell mass in basal conditions leading to frank diabetes in male mice but normal glucose homeostasis in female mice [84] . FoxM1 mRNA expression is increased at gestational day 14.5 in mice, returning to normal levels postpartum [31] . Importantly, pregnant mice with pancreatic deletion of FoxM1 display decreased β-cell replication and β-cell mass compared with control mice, leading to profound glucose intolerance at gestational day 15.5 [31] . Since lactogens also induce FoxM1 expression in isolated islets in vitro and inactivation of this transcription factor prevents PL-mediated β-cell proliferation, the authors conclude that FoxM1 is a downstream regulator of lactogens and plays a critical role in β-cell adaptation to pregnancy [31] . However, since female knockout mice display a profound decrease in β-cell mass before pregnancy, it is difficult to assess the impact of this pre-existing deficiency in β-cell mass on the observed effects during gestation.
Since β-cells can proliferate under physiologic and pathophysiologic conditions such as obesity, glucose-loading, pregnancy and Type 1 diabetes [5] [6] [7] [8] [9] 86] , an increasing interest in defining the cell cycle machinery in the β-cell has recently emerged [87] . Among the information published thus far, Seung Kim's group demonstrated that menin, an endocrine tumor suppressor and transcriptional regulator, negatively regulates β-cell proliferation and expansion in pregnant mice [28] . β-cell proliferation during pregnancy associates with reduced islet levels of menin and its cell cycle transcriptional targets p18 and p27, both of which are inhibitors of cell cycle progression [28] . Analysis of the mechanisms involved in this reduction of menin expression indicates that lactogenic hormones stimulate phosphorylation and nuclear accumulation of STAT5, which induces the expression of Bcl6, a transcriptional repressor of the Men1 gene, leading to lower levels of menin in islets during pregnancy [28] . Tetracycline-induced expression of menin in the β-cells of pregnant transgenic mice prevented islet expansion, induced hyperglycemia and impaired glucose tolerance during pregnancy, indicating that increased levels of menin in β-cells can lead to incomplete maternal β-cell expansion and GDM [28] . These pioneer studies indicate that a failure in β-cell cell cycle mechanisms can lead to the development of GDM. Whether other cell cycle molecules are also involved in adaptive β-cell proliferation during pregnancy is still unknown. A summary of the molecular mechanisms involved in maternal β-cell expansion during pregnancy is presented in Figure 2 .
β-cell mass expansion during pregnancy in humans
As in rodents, insulin sensitivity also declines during the second half of gestation in humans, and an increase in insulin secretion occurs in order to maintain normal, or even lower, blood glucose levels [88] . Although multiple studies have addressed glucose homeostasis control during pregnancy, only two studies have analyzed potential changes in human β-cell mass adaptation during gestation [89, 90] . Importantly, both studies report an increase in β-cell hyperplasia during pregnancy in humans. In the first study, Van Assche et al. compared the percentage of endocrine tissue and β-cells between five pregnant women who died either in the third trimester or on the day of delivery and five nonpregnant women of comparable ages and weights who died owing to car accidents [89] . They reported a twofold increase in endocrine/β-cell fractional area (a surrogate of β-cell mass) in the pregnant women, indicating for the first time that in humans, the endocrine pancreas is able to adapt to the metabolic changes of pregnancy by β-cell hyperplasia. Recently, Butler's group analyzed the adaptive changes in β-cell fractional area and turnover in pancreatic biopsies from a larger cohort of women who died while pregnant (n = 18), postpartum (n = 6) or from nonpregnant controls (n = 20) [90] . A significant 1.4-fold increase in β-cell fractional area was found in pancreas samples from pregnant women compared with nonpregnant women, and this increase was lower and not significant in the postpartum samples, suggesting a return to normal β-cell homeostasis after delivery, although the number of postpartum samples was small. In this study, the magnitude of the expansion of β-cells in pregnant women was not as large as in rodents or in the previous human pregnancy study, but it is important to note that this number represented the average β-cell fractional area analyzed over a wide range of gestational ages (10-40 weeks) . In rodent studies, the maximal increase (two-to three-fold) was observed at the end of the gestational period, and in the human study by Van Assche et al., most of the samples were from women at the end of pregnancy [89] . In addition, prepregnancy BMI was also variable in these women (18.3-34.1), which could also be a factor increasing variability in the data. Contrary to rodent studies, β-cell hypertrophy, augmented islet size, enhanced β-cell number per islet, increased β-cell replication and changes in β-cell apoptosis were not observed in pregnant women in this recent study [90] . However, the numbers of scattered β-cells and insulin-positive cells in ducts were increased in pregnant women, suggesting that the adaptive increase in fractional β-cell area during pregnancy in humans is mostly achieved through β-cell neogenesis rather than through the replication of existing β-cells [90] . However, the results regarding β-cell proliferation and apoptosis should be taken cautiously for two reasons. First, as mentioned earlier, all gestational ages were pooled together, and if proliferation and death occur in a narrow temporal gestational window (as in rodents), it is possible that increases in β-cell proliferation and apoptosis will be diluted with the wide range of gestational ages analyzed.
Second, since β-cell proliferation and apoptosis rates were provided per 100 islets and the number of small islets is markedly increased in the pancreas from pregnant women, this would suggest that both rates expressed as percentages of total β-cells might be increased in pregnant women. Unfortunately, these percentages were not included in this report. Taken together, although this study clearly confirms that β-cell expansion occurs in humans during pregnancy to adapt to the increased insulin demand, the precise cellular mechanisms involved in this adaptive response still require further analysis.
Future perspective
Several obvious reasons make the study of the molecular and cellular determinants involved in β-cell adaptation during pregnancy an exciting and important target for advancements in the treatment of diabetes. First, both human and rodent studies demonstrate similar β-cell adaptation during pregnancy, indicating that studying the mechanisms involved in β-cell expansion and hyperfunction in rodent models can have direct applicability in human disease. This is of particular importance for analyzing the cellular mechanisms involved in human maternal β-cell adaptive expansion, since studies in human pancreas samples are very difficult for evident reasons and are therefore limited. Second, these studies can lead to the discovery of associations of gene alterations/mutations/polymorphisms with GDM that could result in improvements in predicting and modifying therapies for the treatment of diabetes. Third, these studies could have a significant impact, not only on the wellbeing of the mother during and after pregnancy, but on the offspring of mothers with GDM who are known to have an increased risk of developing diabetes. Fourth, these studies uncovering molecular cues involved in β-cell expansion and hyperfunction during pregnancy can provide targets for future therapeutic drugs that can be used to enhance β-cell regeneration and function in diabetic situations other than GDM. Based on this reasoning, and taking advantage of the technical and intellectual progress made in recent decades (e.g., genetically modified mice, human islet biology, high-throughput screening and drug development), the next 5-10 years will see an in-depth analysis of the molecular determinants controlling the β-cell expansion and function machinery in one of the oldest known biological conditions, pregnancy.
Practice Points ■ Maternal β-cell mass expands during pregnancy to respond to the increased insulin demand.
■
Return to normal β-cell mass levels occurs in the immediate postpartum period.
Alterations that affect β-cell mass expansion and function during pregnancy lead to deregulated glucose homeostasis and gestational diabetes mellitus.
Gestational diabetes mellitus markedly increases the risk of developing Type 2 diabetes after delivery and also leads to long-term health consequences for the offspring including obesity, hypertension, dyslipidemia, glucose intolerance and Type 2 diabetes.
Increased β-cell proliferation, size, function and potentially neogenesis are the cellular responses for the adaptive maternal response of the β-cell during gestation.
Lactogens and serotonin are extracellular factors that regulate β-cell expansion and function during pregnancy.
Intracellularly, HNF-4α, FoxM1, menin and mTOR are involved in the maternal β-cell adaptive expansion during gestation. 
